We have examined the characteristics of Ca2"-dependent phospholipid-binding proteins (annexins) Iongiflorum. Immunolocalization at the light microscope level suggests that these proteins are predominantly confined to the nongranular zone at the tube tip, a region rich in secretory vesicles. Our hypothesis that plant annexins mediate exocytotic events is supported by the finding that p23, p33, and p35 bind to these secretory vesicles in a Ca2"-dependent manner.
Calcium is known to influence a variety of plant cellular processes including growth, division, and cytoplasmic streaming (12) . We are investigating the mechanism by which the cytosolic free Ca2+ concentration might regulate cell growth. In plants, cell growth is partly governed by the supply of noncellulosic polysaccharides that are secreted into the extracytoplasmic space and contribute to cell wall formation (26, 27) . These polysaccharides are synthesized in the ER and Golgi and arrive at the plasma membrane in a defined population of secretory vesicles (7, 28) . One line of evidence that Ca2" is involved in this secretory pathway is that the addition of Ca2+ to sycamore suspension cells results in a very rapid increase in the rate of secretion of polysaccharides; this effect was interpreted as indicating that Ca2+ can influence the rate at which vesicles fuse with the plasma membrane (19) . Another line of evidence is that, in tip-growing pollen tubes, Ca2+ can influence both the rate of pollen tube growth and the propensity for vesicles to fuse with the plasma membrane (21, 26) . In animal cells, a number of proteins have been implicated in the regulation of exocytosis, including members of a novel family of Ca2"-binding proteins known as annexins (10, 30) .
Although annexins are not directly fusogenic, the concept that they may mediate exocytotic events is based in part on evidence that, in the presence of Ca2", annexin II can bind to, aggregate, and (in conjunction with arachidonic acid and low pH) fuse secretory vesicle membranes (2, 30) .
Annexin-like proteins have also been isolated from plants (4, 5, 25) . There are three annexin-like proteins in maize (Zea mays L.) coleoptiles, which on SDS-PAGE have Mr values of 35,000, 33,000, and 23,000 (4), referred to here as p35, p33, and p23, respectively. In this paper, we present sequence data that confirms that p33 and p35 are annexins. The sequence data for the third annexin-like protein p23 has no apparent homology with annexins, although the protein shows very sensitive Ca2"-dependent binding to phospholipids. To investigate the biological role of plant annexins, we determined whether p33 and p35 have, in common with annexins II and VI (30) , the capacity to associate with cytoskeletal proteins. Our findings indicate that maize annexins preferentially bind to membrane lipid fractions in the presence of Ca2' and that there is no association between these annexins and either plant or animal F-actin. We have also examined the distribution of annexins in tip-growing pollen tubes and their capacity to bind to secretory vesicle membranes. The results are discussed with regard to the potential for annexins to mediate Ca2+-regulated secretion in plants. 
MATERIALS AND METHODS

Plant Material
Proteolytic Cleavage and Sequencing of Peptide Fragments
For sequencing of p33 and p35, protein was partially purified from 80 g of maize tissue without a hydroxylapatite chromatography purification step. For sequencing of p23, protein was isolated from 80 g of maize tissue, but hydroxylapatite chromatography was included to improve the resolution of p23 on SDS-PAGE. The partially purified extracts were concentrated by addition of TCA to a final concentration of 10% (v/v) and resolved on 12% gels, using SDS-PAGE. Gels were stained for 20 min and destained for 20 min, and bands corresponding to p35, p33, and p23 were excised. The gel fragments were subjected to proteolytic cleavage using the 'in gel' method of Cleveland (6) . The enzymes used for cleavage were protease from Staphylococcus aureus strain V8 (Sigma P2922) at 1 Mg/lane for p33 and p35, 250 ng/lane for p23, and chymotrypsin (Calbiochem 230832) at 2 Mg/lane for p35. Fragments separated by SDS-PAGE were transferred to Problot membrane (Applied Biosystems, Warrington, Cheshire, United Kingdom) as described below. The membrane was stained using Coomassie brilliant blue R-250 and destained according to the manufacturer's instructions. Bands of interest were removed and subjected to amino acid sequence analysis by gas-phase Edman degradation chemistry on an Applied Biosystems 470A protein sequencer with an on-line 120A PTH analyzer.
The partial protein sequences were compared with proteins on the database using the Genetics Computer Group sequence analysis software package, version 5.0 (Seqnet; Daresbury Laboratory, Warrington, Cheshire, United Kingdom).
Protein Assay
Protein concentrations were measured using the method of Sedmak and Grossberg (24) with BSA as the standard.
SDS-PAGE and Immunoblotting
Analysis by SDS-PAGE was performed on 12% gels as described by Laemmli (17) with molecular mass standards from Sigma (Dalton Mark VII). Protein separated by SDS-PAGE was electrophoretically transferred to nitrocellulose membranes (Schleicher and Schuell, obtained through Anderman, Kingston-on-Thames, United Kingdom) overnight at 20 V in 20% (v/v) methanol, 3 mm Na2CO3, 10 mM NaHCO3 (pH 9.9) (9). Protein transfer was revealed by iodinating with chloramine-T (Sigma C9887) and staining with starch (16) . The nitrocellulose was processed for immunoblotting and detection of annexin-like proteins using antiserum raised to the 33-to 35-kD polypeptides from maize as described before (4) . Actin was detected using the same protocol in conjunction with a monoclonal antibody to chicken gizzard actin ( Membrane extracts and cytoskeletal proteins from maize were isolated according to a method for annexin VI (8) modified as detailed in Figure 1 . Aliquots equivalent to 1 g of fresh weight of tissue were recovered from each supernatant and the resuspended pellets, P1 and P2. TCA was added to a final concentration of 10%, and the samples were left overnight at 40C. Samples were centrifuged at 16,000g for 10 min, resuspended in acetone at -200C, centrifuged at 16,000g for 10 min, dried under vacuum, and resuspended in sample buffer. Aliquots equivalent to 0.25 g of fresh weight of tissue were loaded on a 12% gel for SDS-PAGE. The resolved proteins were transferred to nitrocellulose, and the proportion of annexin associated with each fraction was determined by immunoblotting.
F-Actin-Binding Assays
The association between annexins and actin was examined by isolating intact fragments of F-actin from maize using a method based on that described in ref. 1 . Maize coleoptiles were ground using a mortar and pestle in 10 volumes of CSB2 2Abbreviations: CSB, cytoskeleton isolation buffer; FITC, fluorescein isothiocyanate.
composed of 5 mm Hepes, 3.2 mm KOH, 10 mm Mg acetate, 2 mm EGTA, 0.5% polyoxyethylene-10-tridecyl ether, 1 mM PMSF, and 1 mm DTT (pH 7.5), for 30 s at 40C. The homogenate was filtered through two layers of muslin and centrifuged at 150g for 5 min. The supernatant was decanted and centrifuged at 4000g for 15 min. The pellets were resuspended in 0.1 volume of CSB and left on ice for 5 min to allow particulate matter to settle. Aliquots (50 ,L) were then incubated alone, or with 4 ,ug of a hydroxylapatite-purified maize annexin extract, in CSB with CaCl2 added to give 0 to 4 mm total CaCl2. Following incubation for 15 min at 200C, the samples were centrifuged at 4000g for 10 min. The supernatant was recovered, and 50 ,L of 2x sample buffer was added; 100 ,L of lx sample buffer was added to pellet fractions. Aliquots equivalent to 0.25 g of fresh weight were loaded on a 12% gel for SDS-PAGE. The resolved proteins were transferred to nitrocellulose and immunoblotted to detect actin and annexins.
The interaction between maize annexins and highly purified F-actin from animals was determined by monitoring cosedimentation (11 
Localization of Annexins in Pollen Tubes
Pollen tubes grown for 2 h (as above) were fixed and processed for immunocytochemistry as described previously (22) . This entailed fixing in 3.7% formaldehyde in 100 mm Hepes, 5 mm EGTA, 5 (v/v) Triton X-100 in PBS for 20 min, quickly rinsed in PBS, and incubated in PBS containing 3% (w/v) BSA for 30 min. The pollen tubes were then incubated with antiserum to the 33-to 35-kD polypeptides from maize, at a dilution of 1:200 in incubation buffer composed of PBS containing 3% (w/v) BSA, 10% (w/v) normal goat serum, and 0.5% (v/v) Triton X-100 for 1 h. Following three 10-min washes in PBS, the pollen tubes were resuspended in incubation buffer containing a fluorescein conjugate of anti-rabbit IgG (Sigma F0382) at a dilution of 1:100 for 1 h. The pollen tubes were washed three times for 10 min at a time in PBS and resuspended in 0.1% (w/v) phenylenediamine in PBS:glycerol (2:1, v/v). The pollen tubes were viewed under a Leitz epifluorescence photomicroscope and photographed on Kodak T-max p3200 film, rated at 3200 ASA. Control experiments included the use of preimmune serum and incubations with secondary antibodies alone. All incubations were at 20 to 220C.
Isolation of Secretory Vesicles and an in Vitro Assay for Annexin Binding
A total of 0.5 g of pollen from L. longiflorum was germinated for 2 h in buffer, as described above. Secretory vesicles were isolated from pollen tubes using the method of Van der Woude (28) . Following the final filtration step the filtrate was divided into equal volumes and centrifuged at an average of 58,000g for 30 min. The pellets were resuspended in 25 mnim Tris-HCl, 0.5 M sucrose, 1 mM MgC12, 1 mm EGTA, and CaCl2 added to give free Ca2+ levels from 0 to 1 mm. The free Ca2+ concentrations were calculated according to the method described in ref. 23 and confirmed using a Ca2+-selective electrode (Ciba Corning, supplied by Denley Instruments Ltd., Billingshurst, Sussex, United Kingdom). Calcium-dependent phospholipid-binding proteins from maize were added (15 jig), and the samples were left at room temperature for 20 min. The samples were then centrifuged as described above, and supernatant and pellet fractions were subjected to SDS-PAGE and electroblotting. A similar secretory vesicle preparation was fixed, embedded in Epon, and processed to reveal polysaccharides using the periodic acid silver hexamine method described previously (28) .
RESULTS
Partial Sequence Analysis
Preliminary attempts to sequence the maize annexin-like proteins directly on Immobilon-P revealed that all three proteins were N-terminally blocked. Chemical cleavage with cyanogen bromide gave fragments of 30 and 26 kD from p35 and a single fragment of 24 kD from p33, but these were also N-terminally blocked. The proteolytic cleavage 'in gel' method of Cleveland (6) was then adopted because this allowed the purification of all three proteins on SDS-PAGE with subsequent cleavage on a second round of SDS-PAGE. Proteolytic cleavage with S. aureus strain V8 protease and chymotrypsin was found to be highly effective, with complete digestion of the parent polypeptides into a number of relatively abundant peptides (Fig. 2) . All of the major fragments from each protein were subjected to amino acid sequence analysis. Of these, V8 protease cleavage fragments of 16 the sequences shown in Figure 3 . A chymotrypsin fragment of 18 kD from p35 ( Fig. 2) was also sequenced and found to overlap with the 12-kD fragment from p35; these overlapping peptide sequences were joined together to give the longer sequence referred to here as the 12-kD fragment. The majority of the other peptides were also susceptible to Edman degradation, but the sequences obtained were either of limited length or contained too many ambiguous assignments to be used here. The partial protein sequences were used to search the database for homologous sequences. This revealed that the three peptides from p33 and p35 have identity to members of the annexin family, with annexin sequences dominating the higher scoring alignments. Multiple sequence alignments between each plant peptide and the three most closely related animal annexin sequences reveal patterns of sequence conservation (Fig. 3) . It is apparent that the 12-kD peptide from p35 has greater identity with the characteristic amino acid sequence of annexin repeat 2 to 3 domains than with any other annexin repeat sequence. The 16-kD peptide from p35 has some identity to the 12-kD peptide, but the alignments for this sequence are with the repeat 1 domain. The contrasting alignment pattern for these similar, but distinct, sequence segments from p35 indicates that plant annexins also consist of conserved repeat units of approximately 75 amino acids in length (Fig. 3) . The 1 -kD peptide from p33 is not identical with, but does resemble, the 12-kD peptide from p35 in that it also aligns with repeat 2 domains. If p33 was a breakdown product of p35, the sequence for the 1 1-kD peptide would be expected either to have identity with the sequence obtained for p35 or to align to repeat regions other than those Occupied' by the sequence from p35. The fact that the 11-kD peptide from p33 and the 12-kD peptide from p35 are not identical and yet both have optimal alignments to the same repeat sequence is strong evidence that p33 is an individual annexin species and not a breakdown product of p35. Because the peptide sequence for p23 has only very limited identity with animal annexins and no significant homology with any other proteins on the database, the sequence is shown in isolation (Fig. 3) .
The conservation of hydrophobic residues is very pronounced between animal annexins and the peptides from p33 and p35. It is these hydrophobic residues that give rise to the interdomain contacts generating the modules I to IV and II to III described for annexin V (13) . Similarly, Arg at position 36 and the small residue at position 37, which are conserved in animal annexin repeats (3) , are also present in repeats 1 and 2 in p35. Furthermore, in the animal proteins Glu is always conserved at position 31 in repeat 2, whereas the same position is always Arg in repeat 4 (3). It has now been confirmed by X-ray data analysis that repeats 2 and 4 interact via a salt bridge between these two residues (13, 14) . The Glu at position 31 is conserved in repeat 2 of both p33 and p35, and although no sequence is available for repeat 4, there is the potential for a similar interaction. Conversely, Figure 3 . Alignments of plant annexin peptide sequences with animal annexin sequences. The peptide sequences for p33 and p35 from maize are shown aligned to the three most closely related annexin repeat sequences from either human (H), rat (R), mouse (M), or bovine (B) sources. The repeat sequences are numbered according to the convention for animal annexins (3). Closed circles above the plant peptide sequences identify those amino acids that have identity with one or more residues in the animal annexin sequence. The peptide sequences for annexins (p34 and p35.5) from tomato cell suspensions (25) are also shown aligned to sequence data for p35. The residues considered to form the Ca2l-binding site in animal annexins (14) and the aligned plant peptide sequences are shown in bold. Vertical lines between sequences identify hydrophobic residues that are highly conserved in animal annexins (3) . An 'x' in a plant sequence denotes an unidentified residue; a period denotes a gap in the sequence introduced by Barton et al. (3) .
the residues surrounding Gly at position 23 are highly conserved in animal annexins and yet variable in both p33 and p35 (residues shown in bold in Fig. 3 ). These residues form an essential domain within the Ca2"-binding site in repeats 1, 2, and 4 of annexin V and are highly conserved in repeats 1, 2, and 4 of other annexin sequences (the repeat 1 domains of annexins I and II are an exception to this) but are not present in repeat 3 (14) (see Fig. 3 for details) . There appears to be an even greater degree of identity between annexins from different plant species than that shown between plant and animal annexins. The sequence alignment between a peptide from the 34-kD annexin from tomato (25) and the 16-kD peptide from p35 reveals that there is 65% identity over an overlap of 37 amino acids (Fig.   3 ).
Association with Detergent-insoluble Cytoskeleton and Actin
Preliminary attempts to isolate detergent-insoluble cytoskeletal preparations (to monitor annexin binding) using a protocol for annexin VI (8) indicated that maize annexins were eluted in the supernatant washes early in the purification procedure. The protocol was, therefore, adapted to include 2 mi CaCl2 in the extraction buffers, and annexin distribution was monitored following membrane treatment with the nonionic detergent, Nonidet P-40 (Fig. 1) elute in a buffer containing EGTA (Fig. 4ii , lane G; Fig. 1 , fraction S7). This contrasts with the annexin distribution for membranes solubilized with Nonidet P-40 to isolate cytoskeletal proteins. Under these conditions, there was negligible recovery of annexins in either the EGTA eluate (Fig. 4ii , lane H; Fig. 1, fraction S8 ), or the detergent-insoluble cytoskeletal protein pellet (Fig. 4ii , lane J; Fig. 1 , fraction P2), because both p33 and p35 were recovered in the supernatant following extraction with detergent (Fig. 4ii, lane D; Fig. 1, fraction  S4 ). The use of a monoclonal antibody to actin revealed that actin was primarily recovered in the supernatant fractions (Fig. 4iii, lanes A-C) , although minor amounts remained associated with other fractions (Fig. 4iii, lanes D, G, I , and J). The observation that annexins and actin fail to copurify following membrane isolation in the presence of Ca2" (compare annexin recovery in Fig. 4ii , lane G, with actin recovery in Fig. 4iii, lane A) suggests that there is no association between annexins and actin in plants. However, we were concerned that most of the actin remained in the supernatant fractions under these experimental conditions. The capacity to bind to plant F-actin was, therefore, assessed by isolating intact fragments of F-actin from maize using low ionic strength buffers (1) and monitoring annexin binding with a cosedimentation assay. Western blotting revealed that actin was primarily recovered as F-actin in the 4000g pellet frac-tions (Fig. 5ii, pellet lanes) . Western blotting of the 33-to 35-kD annexins indicated that annexins did not copurify with these F-actin fragments at either this level of protein loading (Fig. 5iii, lane A) or higher levels (results not shown). Following incubation with annexin extracts, p23, p33, and p35 were all found in the supernatant fractions irrespective of the free Ca2+ concentration (Fig. 5, i and iii) . Control lanes demonstrate that annexins failed to sediment at 2 mm free Ca2+ in the absence of actin (Fig. 5, i and iii, lane F) and that F-actin was not disrupted at high levels of Ca2" (Fig. 5ii, lane G) .
Although the procedure as described in ref. 1 results in the isolation of fragments of intact F-actin, the preparation also contains many contaminating proteins (1) (Fig. 5i, pellet  fractions) . Because F-actin can be polymerized from highpurity G-actin and then used to demonstrate annexin II binding (11) , we used a similar assay for maize annexins. The results of the actin-binding assay are shown in Figure 6 , and they indicate that the maize annexins p35, p33, and p23 do not bind to and pellet with animal F-actin in the presence of either 200 AM or 2 mm free Ca" (Fig. 6, lanes C and D) .
Control experiments with maize annexins in polymerising buffer containing 2 mm free Ca2 demonstrated that a small proportion of p33 and p35 sediments in the absence of Factin (Fig. 6, lane F) . The appearance of a similar proportion of p33 and p35 in F-actin fractions reflects this Ca2+-dependent self-aggregation (Fig. 6, lane D) , which is distinct from Ca2+-dependent binding.
Immunolocalization in Pollen Tubes
Immunoblotting with antiserum raised to the 33-to 35-kD polypeptides from maize revealed that annexins are present in protein extracts from pollen tubes of L. longifiorum (Fig. 7) .
Although the blots were heavily loaded with these crude protein extracts, the antiserum cross-reacted strongly with a polypeptide of 35 33 kD. The very faint immunoreactive band at 68 kD has been noted in previous western blots of crude annexin extracts (4) and may be the result of dimer formation under these conditions. Pollen tubes were processed for immunocytochemistry using an FITC-conjugated secondary antibody to reveal the distribution of the annexins in situ. Under these conditions, annexins were predominantly confined to the granule-free zone at the pollen tube tip (Fig. 8D) , with no signal from preimmune serum controls (Fig. 8C ).
Annexin Binding to Secretory Vesicles from Pollen Tubes
Use of a membrane filtration system (28) allowed us to isolate vesicles from pollen tubes of L. longiflorum (Fig. 9A ).
The purification system used has been found to give good recovery of relatively pure secretary vesicles from pollen tubes (28) and cell suspension cultures (7). The vesicles illustrated (Fig. 9, A and B) have a similar size range and an identical staining pattern (following staining with either lead citrate and uranyl acetate, or periodic acid silver hexamine) to those reported for secretary vesicles (7, 28) . Incubation with maize annexins revealed that p23, p33, and p35 bound to these secretary vesicles in a Ca2"-dependent manner (Fig.   9C ). Although the appearance of p23 is faint at this protein loading, the blot indicates that the binding of p23 was complete at 100 gM free Ca , whereas p33 and p35 had a p35 and p33 bind to intact membranes in the presence of calcium, but there was no association with detergent-insoluble cytoskeletal fractions (Fig. 4) . Immunoblotting with an antibody to actin revealed that actin remained in the supernatant fractions and, therefore, failed to cosediment with the annexin-rich fractions. This suggests that the Ca2"-dependent binding of maize annexins to membranes is the result of a specific association with membrane lipid and not due to an association with either actin or other detergent-insoluble cytoskeletal proteins. However, we were concerned that the addition of Ca2" (required to prevent annexin loss during the preparation of cytoskeletal extracts) caused disruption of Factin (Fig. 4iii) . Therefore, we monitored binding of annexins to isolated fragments of F-actin from maize ( Fig. 5) and to Factin polymerized from G-actin from rabbit (Fig. 6) . These experiments confirmed that there was no evidence for an association between maize annexins and F-actin.
Some support for the involvement of annexins in exocytosis and vesicle-mediated growth is provided by the study of annexin distribution in pollen tubes of L. longiflorum. The annexins p33 and p35 were found to localize in a zone extending back from the tube tip to the point at which the parent identity with animal annexing. Furthermore, p23 is also novel in terms of size, Ca2" dependence, and immunoreactivity (4). One important difference between the sequences for the plant annexins p33/p35 and animal annexin sequences concerns the loop region between helices a and b in each repeat (residues shown in bold in Fig. 3) . In animal annexing, this region forms part of the 'endonexin fold' and has received much attention as a highly conserved feature of annexin repeats (10) . Residues within this region form Ca2+-binding sites in annexin V and are regarded as the putative phospholipid-binding site (14) . It is, therefore, of interest that none of the sequences for annexins from either maize (this work) or tomato (25) (4) or secretory vesicles at levels of free Ca2+ that are outside the accepted physiological range for plant cells (18, 29) . There is, however, some doubt as to whether averaged values for cytosolic free Ca2" adequately reflect the changes in free Ca2" that are likely to occur in the immediate vicinity of the fusion site at the plasma membrane (30) . Also, we have previously noted that the binding of annexins to artificial liposomes is dependent on both the free Ca2" concentration and pH (4) . The next necessary step is to assess the physiological requirements for annexin-mediated vesicle aggregation and fusion. This work is now in progress.
